when the EDTA treatment was omitted. Fusion could be elicited at low pH and by a combination of a higher pH and Ca2+. The low-pH-induced fusion was composed of a fast and a slow reaction. The latter and the Ca2+-induced fusion could be completely inhibited by trypsin treatments of the EDTA4treated cells, which also resulted in the simultaneous disappearance of two outer membrane protein bands (50 and 58 kilodaltons) and the appearance of proteins banding at 22, 52, and 54 kilodaltons. The most efficient fusion was obtained with negatively charged liposomes composed of cardiolipin. In contrast to the Ca2+-induced fusion, fusion was observed at low pH with small unilamellar vesicles containing lipids with decreased negative charge (phosphatidylserine). Fluorescent and phase-contrast microscopy revealed that essentially all bacteria were engaged in fusion. We propose that a Ca2+-EDTA treatment of E. coli cells results in the appearance of phospholipids and the exposure of a protein(s) in the outer leaflet of the outer membrane, both of which could mediate fusion with liposomes.
The envelope of gram-negative bacteria consists of three interacting layers: the outer membrane, which forms an impermeable barrier to molecules larger than 900 to 1,000 daltons (Da) (25) ; the rigid peptidoglycan layer; and the inner membrane, which surrounds the cytoplasm of the cell (6) . Lipopolysaccharides (LPSs), which are found exclusively in the outer leaflet of the outer membrane, play a major role in the maintenance of the permeability barrier of the outer membrane (10, 20, 24) . Defects in LPS structure such as those found for deep rough mutants (9, 28) always result in increased' permeability or instability of the outer membrane (10, 28) . It has been suggested that these effects may be due to an increased phospholipid content in the outer membrane, particularly in the outer leaflet (26, 28) .
The outer membrane permeability of bacterial strains with normal LPS can be altered experimentally by subjecting the cells to various combinations of Ca2+, EDTA, and heat shock treatments (3, 4, 18, 19, 22, 27) . Such treatments cause aggregation of outer membrane components, which are then often released (2, 18, 19, 21) . Electron microscopy revealed morphological changes in the outer membrane such as the appearance of outer membrane blebs, multilayered outer membranes, tubelike structures in the outer membrane bilayer (2) , and LPS-free' patches (23) . It is tempting to speculate that these morphological changes and increased outer membrane permeability are both related to the appearance of phospholipids in the outer leaflet of the outer membrane.
If removal of LPS from the outer leaflet is compensated for with phospholipids (from the inner leaflet and the cytoplasmic membrane), the resulting outer membrane may be expected to behave much like a fluid bilayer. To test this hypothesis, we examined the state of the outer membrane * Corresponding author.
after various treatments by measuring its ability to fuse with small unilamellar vesicles (SUVs) utilizing a fluorescence resonance energy transfer (RET) assay (29) . This assay allows continuous monitoring of the decrease in energy transfer efficiency between two nonexchangeable fluorescent phospholipid analogs, N-(7-nitro-2,1,3,-benzoxadiazol-4-yl)phosphatidylethanolamine (N-NBD-PE) and N-(lissamine rhodamine B sulfonyl)-phosphatidylethanolamine (N-Rh-PE), which occurs when a labeled membrane fuses with a nonlabeled membrane (11, 29) .
In this paper we show that Escherichia coli O111:B4 (wild type), E. coli C600 (rough), and E. coli D21f2 (deep rough) all fused with high efficiency with small unilamellar cardiolipin vesicles after the cells had been exposed to an outer membrane-permeabilizing Ca2+-EDTA-heat shock procedure (22) . The fusion activity was correlated with the release of outer membrane components and could be separated into trypsin-insensitive and trypsin-sensitive processes, of which the latter was probably mediated by two outer membrane proteins of 50 and 58 kDa.
MATERIALS AND METHODS
Chemicals. Bovine heart cardiolipin (CL), dioleoylphosphatidylcholine, bovine brain phosphatidylserine, N-NBD-PE, and N-Rh-PE were obtained from Avanti Polar Lipids, Inc. (Birmingham, Ala.). All lipids were analyzed for purity by thin-layer chromatography and repurified if required. Trypsin and trypsin inhibitor were from Sigma Chemical Co. and from Merck, respectively. Thin-layer chromatography (TLC) was performed with HPTLC, Merck, Kieselgel 60, and the reference phospholipid kit was purchased from Supelco. HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer was purchased from Calbiochem-Behring Corp. and agar (granulated) was from BBL Microbiology Systems, Cockeysville, Md.
Bacterial growth and competence procedure. Escherichia coli O111:B4 (wild type), E. coli C600 (rough), and E. coli D21f2 (deep rough) were grown at 37°C in minimal salts medium (34) supplemented with leucine (0.5 mg/ml), threonine (0.5 mg/ml), and thiamine (1 pRg/ml) for E. coli C600 or supplemented with tryptophan (0.5 mg/ml), histidine (0.5 mg/ml), and proline (0.5 mg/ml) for E. coli D21f2. The cells were harvested in the early stationary phase, cooled on ice, and washed once in ice-cold 100 mM CaCl2 as described before (22) Fusion assay. In the RET fusion assay, 0.8 mol% each of N-NBD-PE and N-Rh-PE were incorporated into the bilayers of the liposomes (29) . Fluorescence measurements were carried out at 37°C in a fusion buffer containing 100 mM NaCl, 10 mM sodium acetate, and 10 mM HEPES, adjusted to the desired pH. The final volume in the cuvette was 2 ml, and the suspension was stirred continuously. Two between the sample and the emission monochromator. To calibrate the fluorescence scale, the initial fluorescence of the liposomes was taken as the zero level, and the fluorescence at maximum probe dilution (determined by addition of 0.5% Triton X-100) was taken as 100% (29) . It should be noted that membrane proteins or LPS might affect the energy transfer efficiency between N-NBD-PE and N-Rh-PE in biological membranes (7), as well as the fluorescence of N-NBD-PE.
Fluorescence microscopy. Ca2 -competent E. coli C600 cells were treated with 0.6 mM EDTA, followed by an incubation with CL SUV at pH 4.0 or 5.0 (with or without 1.2 mM Ca2+). The cells were collected 5 min after initiation of the fusion reaction, washed twice with 1 ml of fusion buffer (pH 7.4) at room temperature, and brought onto a microscopic slide containing a thin layer of 2% agar to immobilize the cells. To determine fusion efficiencies, fluorescence and phase-contrast exposures were taken from the same microscopic field with a Leitz Vario Orthomat 2 microscope.
TLC. E. coli C600 cells (3.7 mg) were made competent and treated with 0.6 mM EDTA, and 0.55 mg of cells was incubated for 5 min with CL SUV at pH 4.0 or 5.0 (with or without 1.2 mM Ca2+) at 37°C as described for the fusion assay. The cells were collected by centrifugation (5,000 x g, 10 min, 4°C) and washed three times with the fusion buffer (pH 7.4), and the phospholipids were extracted according to Bligh and Dyer (1) . TLC was carried out with HCCl3-CH3OH-NH3-H20 (70:30:4:1) as the running solvent, and the fluorescent spots were scraped off, extracted with chloroform-methanol (2:1), evaporated, and redissolved in the fusion buffer containing 1% (vol/vol) Triton X-100 (pH 7.4). After measuring the rhodamine and NBD fluorescence, the ratio of fluorophores was calculated. The ratio of the fluorophores in liposomes was determined in the same way. RESULTS Effect of pH and temperature on the fusion of CL SUV with EDTA-treated E. coli C600. When CL SUV labeled with N-Rh-PE and N-NBD-PE were suspended in a buffer of pH .5.0 followed by addition of Ca2+-EDTA-treated E. coli C600 cells, there was no dilution of the fluorescent probes, indicating that fusion did not occur. However, as shown in Fig. 1A , a typical fusion-related fluorescence development was observed when the experiment was carried out at pH 4.0. Fluorescence microscopy showed that the fusion occurred with membrane material at the surface of the cells (see below). There was no fluorescence development when the Ca2"-competent cells were not treated with EDTA (dashed line, Fig. 1A ). Thus, CL SUV fused with Ca2+-EDTA-treated bacterial cells in a pH-dependent manner. Indeed, as demonstrated in Fig. 1B , the initial rate of NBD fluorescence increase was very fast (50%/min) at low pHs and declined sharply with increasing pH. Above pH 5.5, the fusion activity was negligible.
To verify whether there was selective probe transfer, the ratio of both fluorophores found in the cells after fusion with CL SUV at pH 4.0 was determined. To this end, phospholipids were isolated from the bacteria after fusion, and the amount of both fluorophores was quantitated. The fluorophore ratio of bacterial cells was nearly identical to that of liposomes, indicating the absence of selective probe transfer (Table 1) . From the data in Table 1 , it can be estimated that about 20% of the liposomes used in the assay did in fact fuse with Ca2+-EDTA-treated E. coli cells. The level of fusion activity also depended on the lipid composition of the vesicles. When SUV of various phospholipids were prepared and examined for their fusion ability at pH 4.5 with Ca2+-competent E. coli C600 cells treated with 0.6 mM EDTA, we observed a decline of the initial rate of 
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luorescence increase from 10%/min for CL SUV to 1.4%/ min for phosphatidylserine SUV and 0%/min for dioleoylphosphatidylcholine SUV. The addition of Ca2+ to the fusion reaction did not increase these initial rates. Figure 2 shows the effect of preincubating cells at 37°C (heat shock) on the fusion reaction between CL SUV and Ca2+-EDTA-treated cells. The heat shock decreased the initial rate of fusion between CL SUV and Ca2+-competent cells treated with 0.4 mM EDTA by ca. 50% but had no effect on the fusion of CL SUV with Ca2+-competent cells treated with 0.6 mM EDTA.
Ca2+-induced fusion. In model membrane systems, Ca2+ has been shown to be a potent fusogenic agent owing to its ability to induce vesicle aggregation and to dehydrate the space between two apposed bilayers (8, 13). We found that Ca2' also induces fusion between CL SUV and Ca2+-EDTA-treated bacteria. As shown above (Fig. 1) , when Ca2+-EDTA-treated E. coli C600 cells were exposed to CL probes. However, upon addition of Ca2 , fusion was initiated, as shown in Fig. 3 . The initial rate of fluorescence increase exhibited an optimum at 1.4 mM Ca2' and declined above 1.7 mM Ca2 , which was probably due to clumping of vesicles and/or bacterial cells. There was no fusion below 0.4 mM Ca2+. Remarkably, the Ca2+-induced fusion also displayed pH dependency. An optimal initial rate of fluorescence increase of 7%/min was observed at pH 5.0 to 5.1, which is ca. seven to eight times lower than the initial rate of fluorescence increase induced by low pH (in the absence of Ca2+) under otherwise identical conditions. Above pH 7.0, no Ca2+-induced changes in fluorescence were detected.
As was the case for low-pH-mediated fusion, there was no selective probe transfer during Ca2'-induced fusion between liposomes and EDTA-treated bacteria, as shown by the nearly identical ratio of both fluorophores in liposomes and bacteria ( Table 1) .
Microscopy of E. coli cells after fusion with CL SUV.
Ca2+-EDTA-treated E. coli C600 cells, incubated with CL SUV at pH 4.0 and 5.0 (with or without 1.2 mM Ca2+), were examined by fluorescence and phase-contrast microscopy ( Fig. 4A and B) . Homogeneously labeled bacterial cells were found when the fusion reaction was carried out at pH 4.0, but when the fusion was initiated by Ca2+ at pH 5, the cells also showed highly labeled patches on the bacterial surface. All of the bacteria were labeled with both of the fluorophores under the fusion conditions used. Fluorophore-labeled bacteria were not seen when incubation with the liposomes was carried out at pH 5.0 in the absence of Ca2+. Role of proteins in the fusion reaction. In many biological membrane systems, fusion appears to be mediated by membrane proteins (12, 32) . Furthermore, numerous water-soluble proteins and peptides acquire fusogenic properties when the pH is lowered (13) . It was therefore of interest to examine whether a protein(s) was similarly involved in the low-pH-induced fusion between liposomes and EDTAtreated E. coli cells. Ca2+-EDTA-treated E. coli C600 cells were incubated with trypsin at 37°C and subsequently mixed with CL vesicles at pH 4.0. As shown in Fig. 5 , trypsin incubation did not affect the fast initial reaction but completely inhibited the slow reaction. This suggests that the slow fusion reaction is accomplished by membrane proteins which are exposed on the exterior of the bacterium following EDTA treatment.
To investigate whether membrane proteins also contribute to the Ca2+-induced fusion, Ca2+-EDTA-treated E. coli C600 cells were incubated at 37°C in the presence of trypsin with or without a 10-fold excess of trypsin inhibitor before fusion of CL SUV and Ca2+-EDTA-treated E. coli C600 cells, outer membranes were isolated prior to and after the trypsin treatment and analyzed by SDS-PAGE (Fig. 7) . 0111:B4 and E. coli C600 with EDTA concentrations below 0.4 and 0.2 mM, respectively, resulted in negligible fusion activity of the cells. However, when the EDTA concentration used in the EDTA treatment was elevated, an increase in fusion activity was observed, and maximum fusion was reached for E. coli C600 and E. coli 0111:B4 at 0.6 and 0.8 mM EDTA, respectively. The EDTA dependency of the fusion activity of both Ca2+-competent E. coli strains correlated well with the EDTA concentration-dependent release of outer membrane components (21) and the EDTA concentration-dependent membrane penetration by macromolecules (22) . However, such a relationship was not obtained for E. coli D21f2. Ca2+-EDTA-treated E. coli D21f2 fused with CL SUV only when treated with more than 0.5 mM EDTA, whereas outer membrane losses already occurred at 0.2 mM.
The Ca2'-induced fusion between CL SUV and Ca2+-competent E. coli C600 and E. coli 0111:B4 also exhibited dependence on EDTA pretreatment of these strains. Ca2+-induced fusion of CL SUV with E. coli C600 was detected only when the cells were pretreated with EDTA at concentrations above 0.5 mM. A maximal rate of fusion of 7%/min was observed following treatment with 0.7 to 1.0 mM EDTA. For E. coli 0111:B4, Ca2+-induced fusion activity was detected when the cells were treated with as little as 0.3 mM EDTA, and the maximum rate of fusion was ca. five times higher than that observed for E. coli C600. Due to clumping of Ca2+-EDTA-treated E. coli D21f2 upon exposure to Ca2 +, the Ca2'-induced fusion activity of this strain could not be determined. 
DISCUSSION
In this study, we used an RET assay to study the fusion of SUV with the outer membrane of viable Ca2+-EDTA-permeabilized E. coli cells.
Several E. coli strains (E. coli O111:B4, E. coli C600, and E. coli D21f2), treated according to a procedure which we recently developed to produce permeable outer membranes while maintaining cell viability (22, 23) , were capable of fusion with negatively charged CL SUV at acidic conditions, as judged by the RET assay. Due to the following observations, the fluorescence increase was attributed to probe dilution into the bacterial membrane. Fluorescence microscopy revealed that all bacteria contained both fluorophores, while quantitative analysis showed their ratio in bacteria after fusion to be nearly identical to their ratio in the liposomes. The dependence of the fusion reaction on the lipid composition of the liposomes indicates that the observed fluorescence increase was not due to selective probe transfer from the liposomes to the bacterial cells. The fluorophores remained associated with the bacterial cells after the cells were washed in buffer and centrifuged through a 10 to 60% sucrose gradient. EDTA treatment of the fluorophore-labeled cells did not cause the dissociation of the fluorophores. Furthermore, TLC analysis of the phospholipids isolated from bacterial cells after fusion showed that degradation of the fluorescent probes had not occurred.
Fusion activity was only detected under conditions which caused the release of LPS and proteins from the outer membrane, as occurs upon EDTA treatment. For E. coli D21f2 (a deep rough mutant), there was no clear relationship between the EDTA dependence of the fusion activity and the outer membrane losses. E. coli D21f2 exhibited fusion activity with liposomes only after treatment with more than 0.5 mM EDTA (Fig. 8) , despite the fact that outer membrane losses already occurred after treatment with 0.2 mM EDTA ( Fig. 1 and 2 in reference 21) . In contrast, for E. coli C600 and E. coli O111:B4, the relationship between fusion and outer membrane losses was very clear. The fact that for these strains the release of outer membrane components (21) , outer membrane permeabilization to lysozyme (22) , and the low-pH-induced liposomal fusion (this paper) exhibited a nearly identical EDTA dependence suggests that all three events are related.
EDTA treatment appears to create phospholipid bilayers in the outer membrane of Ca2+-competent E. coli cells. We have found that the EDTA treatment we used here creates LPSpoor and LPS-enriched patches on the bacterial surface (23) and causes the selective removal of outer membrane proteins and LPS (21) . Since these cells remain viable, we think that despite the appearance of LPS-free patches, the outer membrane must generally remain intact; that is, it remains a contiguous closed membrane, surrounding the cell in close apposition to the peptidoglycan layer. If this is the case, the exo-monolayer spaces which remain after removal of LPS are likely to be filled with membrane material. Phospholipids are good candidates for this process; they might be transferred from the endo-monolayer via a flip-flop mechanism or from the cytoplasmic membrane via lipid bridges (15, 16) . In fact, Nikaido et al. have proposed such a mechanism (26) . Consequently, we expect the damaged outer membrane to consist of a mosaic of intact outer membrane, interspersed with patches of phospholipid-rich bilayers. The existence of outer membrane phospholipid bilayer patches after EDTA treatment of E. coli is supported by the experiments reported here, which show that these cells fuse with liposomes after EDTA treatment. Additional support for this notion can be inferred from the effect of preincubation at 37°C on fusion as a function of the extent of LPS release (Fig. 2) . Following a limited release of LPS (by treatment of Ca2+-competent cells with 0.4 mM EDTA), the remaining LPS may diffuse randomly into LPS-free patches in a time-dependent manner, apparently creating a (partial) steric barrier to fusion, as reflected by the reduction in fusion activity. A further release of LPS (by treatment of Ca21-competent cells with 0.6 mM EDTA) may create longer-lived LPS-devoid lipid patches or "unperturbed" fusogenic sites for the liposomes. The highly fluorescent patches observed upon Ca2'-induced fusion (Fig. 4 ) might represent such LPS-free patches upon which liposomes are aggregated.
The appearance of phospholipids at the outer membrane surface has been suggested for some bacterial species with mutations that affect LPS structure (e.g., deep rough mutants) (28) , and such strains were found to be more permeable to macromolecules. In addition, Jones et al. (15, 16) have demonstrated that deep rough bacteria are able to fuse with liposomes without pretreatment, and Borovjagin et al. (2) have attributed outer membrane permeability and morphological outer membrane changes, both induced by high concentrations of Ca2+ and subsequent heat shock, to the appearance of phosphatidylethanolamine (PE) in the outer leaflet of the outer membrane.
Mechanism of fusion. Crucial to components or conditions which induce fusion is their ability to cause aggregation of adjacent membranes and to dehydrate the interbilayer space of closely apposed membranes (8, 13) . Cations (e.g., Ca2") achieve aggregation of phospholipid vesicles by shielding the negative surface charges and by subsequent dehydration of apposed bilayers through the formation of a trans-Ca2+-phospholipid complex. We observed a Ca2+-dependent fusion event occurring at pHs between 4.8 and 6.5. This fusion event was less efficient than the low-pH fusion reaction described below but was clearly protein dependent, since it banding at 50 and 58 kDa) could be involved in the Ca2`-dependent fusion process, since there is a correlation between the degradation of these proteins and the disappearance of protein-mediated fusion. Proteins of similar molecular weights have been implicated in contacts between the cytoplasmic and outer membranes of E. coli (14) . Further investigations are needed to verify their role in the fusion process.
The fast fusion induced at low pH was not affected by trypsin treatment. This result was surprising, since proteins have been implicated in the low-pH-induced fusion of several protein containing biological membranes with liposomes (e.g., influenza virus [32] and Bacillus subtilis-derived membrane liposomes [7] ). Protonation of these membrane pro- teins results in contact with liposomes (aggregation), followed by penetration of the protein(s) (upon a mildly acidic pH-induced exposure of hydrophobic sequences) into the liposomal bilayer. This leads to lipid-packing defects in the bilayer and subsequent bilayer fusion (33 
